Self-renewal and differentiation by spermatogonial stem cells (SSCs) is the foundation for continual spermatogenesis. SSC self-renewal is dependent on glial cell linederived neurotrophic factor (GDNF); however, intracellular mechanisms stimulated by GDNF in SSCs are unknown. In order to investigate these mechanisms we utilized a culture system that maintains a mouse undifferentiated germ cell population enriched for self-renewing SSCs. In these cultures, mRNA for the transcription factors Bcl6b, Erm, and Lhx1 are up-regulated by GDNF and decreased in its absence. The expression of all three molecules was further identified in undifferentiated spermatogonia in vivo. Using siRNA to reduce expression and transplantation to quantify stem cell numbers, Bcl6b, Erm, and Lhx1 were shown to be important for SSC maintenance in vitro. Next, GDNF was shown to activate both Akt and Src Family Kinase (SFK) signaling in SSCs and culture of SSCs with inhibitors to Akt or SFKs followed by transplantation analysis showed significant impairment of SSC maintenance in vitro. Apoptosis analysis revealed a significant increase in the percentage of apoptotic cells when Akt, but not SFK, signaling was impaired indicating that multiple signaling pathways are responsible for SSC self-renewal and survival. Biochemical and gene expression experiments revealed that GDNF up-regulated expression of Bcl6b, Erm, and Lhx1 transcripts is dependent on Src Family Kinase (SFK) signaling. Overall, these data demonstrate that GDNF upregulation of Bcl6b, Erm, and Lhx1 expression through SFK signaling is a key component of the intracellular mechanism for SSC selfrenewal.
In mammals, several tissue systems rely on the function of a small undifferentiated adult stem cell population. The biological function of these cells is to preserve tissue homeostasis by providing differentiated cells while at the same time undergoing self-renewal to ensure that a constant supply of new stem cells is available. These two capabilities, self-renewal and differentiation, are often referred to as fate decisions and are the basis for how adult stem cells are defined. Some adult stem cell dependent tissues include the epidermis, intestinal epithelium, bone marrow, and testis. The testis is one of the most productive systems, generating millions of sperm each day.
Spermatogenesis, the process of sperm production, is a classic stem cell dependent system in which external niche stimuli and internal gene expression regulate self-renewal and differentiation of spermatogonial stem cells (SSCs). Currently, very little is known about mechanisms regulating these SSC fate decisions, yet deciphering them is important for understanding male fertility and general adult stem cell biology. Study of SSC biology has been hampered because of their rarity in the testis and lack of specific markers for their isolation.
The mammalian testis contains several different germ cell populations. SSCs are present in the undifferentiated spermatogonia population and are often referred to as A single (A s ) spermatogonia (1) . Also in this population are A paired (A pr ) and A aligned (A al ) spermatogonia, which are daughter progeny produced from differentiation of SSCs (1) . All three types of undifferentiated spermatogonia (A s , A pr , and A al ) are morphologically similar and cannot currently be distinguished based on phenotype. SSCs are rare, estimated to be approximately 0.03% of the cell population in an adult mouse testis (2) . Their differentiating daughters, A pr and A al , are estimated to be approximately 10-fold more abundant, constituting 0.3% of the testis cell population (2) . Thus, studying the undifferentiated spermatogonia population emphasizes the differentiating daughter progeny of SSCs, rather than the SSC itself. The only unequivocal means for identifying SSCs is by functional transplantation (3, 4) . Only SSCs are capable of reestablishing spermatogenesis when transferred into a recipient testis, thus the functional transplantation system is the only current means to distinguish SSCs from A pr and A al spermatogonia.
Investigating mechanisms regulating SSC fate decisions in vivo is challenging due to their rarity and current lack of means to isolate them. Thus, an in vitro system that supports an enriched selfrenewing SSC germ cell population for extended periods of time is essential. A serum-free chemically defined culture system for mouse SSCs has been developed that is useful for cellular, biochemical and molecular experimentation (5) . In this system, SSC self-renewal is critically dependent on glial cell line-derived neurotrophic factor (GDNF), a TGFβ family member originally shown to be important for kidney morphogenesis and neuronal progenitor development (6) . GDNF has also been shown to influence undifferentiated spermatogonia function in vivo (7) . Based on both in vivo and in vitro studies it has become widely accepted that GDNF is the critical growth factor for mouse SSC self-renewal. Also, GDNF is critical for rat SSC self-renewal in vitro (8) , suggesting that the importance of this growth factor for SSC function may be conserved across mammalian species. Currently, the mechanisms by which GDNF exerts its effects on SSCs are largely unknown. However, we have recently identified GDNFregulated genes in cultured self-renewing germ cell populations proven to be enriched for SSCs by functional transplantation (9) , which provided a database of candidate molecules that may be essential for regulating SSC fate decisions. These gene expression studies revealed that GDNF dramatically regulates expression of the transcription factors B cell CLL/lymphoma 6 member B (Bcl6b), Ets variant 5 (Erm), and LIM homeobox 1 (Lhx1) in cultured SSCs. Using siRNA and functional transplantation analysis, Bcl6b was subsequently shown to be important for maintenance of self-renewing SSCs in vitro, and disrupted spermatogenesis was observed in Bcl6b null testes in vivo (9) . These observations established a biological significance for the identified GDNF-regulated genes.
The intracellular signaling pathways stimulated by GDNF that elicit gene expression changes are unknown in SSCs. Studies in kidney morphogenesis and neuronal progenitor function have demonstrated that the GDNF receptor complex on the cell surface consists of Gfrα1 and c-Ret proto-oncogene (6) . Gfrα1 functions as a GPI-anchored docking acceptor that is needed for GDNF to bind with c-Ret, which is a transmembrane tyrosine kinase receptor. In general, the down-stream signaling cascades induced by GDNF binding to c-Ret in neuronal cells include the phosphatidylinositol 3-kinase (Pi3k)/ Protein kinase B (Akt; 10), Protein kinase C (PKC; 11), mitogen activated protein kinase (MAPK; 12), janus kinase/signal transducer and activator of transcription (JAK/STAT; 13), and Src family kinase (SFK; 14) pathways. PI3K/Akt is a prominent GDNF induced signaling cascade in neuronal cells and SFK signaling is essential for embryonic stem cell (ESC) self-renewal (15) , which are closely related to SSCs. Thus, the objective of the current study was to determine whether these two signaling pathways, PI3K/Akt and SFK, are critical intracellular mechanisms stimulated by GDNF to regulate SSC self-renewal and survival.
EXPERIMENTAL PROCEDURES
Chemical signaling inhibitors and antibodies-See supplemental experimental procedures.
Self-renewing SSC cultures-Cultures of selfrenewing SSCs were established from Thy1 MACS selected 6-8 dpp donor B6.129S7-Gtrosa26 (designated Rosa; The Jackson Laboratory) male mice as previously described (16) . Cultures were maintained in serum-free media with the addition of GDNF (20 ng/ml), Gfrα1 (150 ng/ml) and bFGF (1 ng/ml). All experiments were performed on 1-3 mo old cultures.
SSC transplantation analysis-For all functional transplantation experiments cultured donor Rosa cells were transferred into the seminiferous tubules of adult busulfan-treated (60 mg/kg) 129 SvCP (129) X C57BL/6 recipient male mice at a concentration of 10 6 cells/ml. Two months after transplantation recipient testes were analyzed for donor-derived colonies of spermatogenesis by XGal (5-bromo-4-chloro-3-indolyly β-dgalactosidase) staining. The number of donor colonies, which is a direct reflection of SSC number in the injected cell suspension (17) , was manually quantified for each recipient testis. The Animal Care and Use Committee of the University of Pennsylvania approved all experimental procedures in accordance with The Guide for Care and Use of Laboratory Animals (National Academy of Sciences, Assurance no. A3079-0).
siRNA transfections-All gene specific (Silencer ® Pre-designed) and negative control (Silencer ® Negative Control #1) siRNAs were purchased from a commercial vendor (Ambion Inc., Austin, TX). Approximately 0.7-1.2 X 10 5 clump-forming germ cells were transfected with 75 pmole of siRNA using Lipofectamine 2000 (Invitrogen) as previously described (9) . In order to validate knock-down of transcript levels, RNA was isolated from cells 24 hr after transfection using the Trizol method (Invitrogen), and gene expression levels were determined by qRT-PCR. For transplantation experiments the cells were maintained on STO feeders for 7 days followed by transplantation into busulfan-treated recipient testes.
Quantitative real-time PCR-In all experiments RNA was isolated using the Trizol method (Invitrogen). The quality of each RNA sample was determined based on spectrophotometry and denaturing agarose gel electrophoresis. Only intact samples with a 260/280 ratio of 1.8 or higher were used. All RNA samples were subsequently DNasetreated (DNA-free kit, Ambion Inc.) to remove possible contaminating genomic DNA. One microgram of RNA was reverse transcribed using oligo(d)T priming and SuperScript II reverse transcriptase (Invitrogen). The expression levels of specific genes were measured using SYBR green assays and ABI 7300 sequence detection system (Applied Biosystems Inc.; Foster City, CA). Melt curve analyses were conducted to ensure specificity of the amplicon. Primer sequences for all genes analyzed were designed using Primer Express 3.0 software (Applied Biosystems Inc.) and are available as supplementary data (Table 1) . Quantitative comparisons were made by normalizing gene-of-interest expression values to that of ribosomal protein S2. Relative transcript abundance was determined using the formula: (18, 19 Immunoblotting-For immunoblotting experiments, clump-forming germ cells were lysed in SDS sample buffer, and 50 μg of total protein was resolved by SDS PAGE (10% Ready Gel, Biorad) and transferred to nitrocellulose membranes. Blots were blocked and probed with primary antibodies against specific antigens. Digital images were captured with a phospho imager (VersaDoc, Biorad) and density measurements were made using commercial software (Quanity One, Biorad). See supplemental experimental procedures for detailed immunoblot procedures.
Statistics-All quantification data are presented as mean+SEM. All statistical tests were performed using SPSS 13.0 software (SPSS Inc, Chicago, Ill.). Significant differences between means for single comparisons were determined using Student's t-tests. Multiple comparison analyses were performed using a univariate ANOVA with Tukey HSD or LSD post hoc tests. our previous studies GDNF was shown to upregulate Bcl6b, Erm, and Lhx1 transcript levels in cultured self-renewing SSC populations established from 6-8 day post partum (dpp) C57BL/6 mouse pup Thy1+ germ cells (9) . In the current study these results were confirmed using 129XC57 Rosa donor pups, because a reporter gene was required for quantitative transplantation studies to investigate intracellular signaling. These germ cells in culture form tight clumps of cells loosely attached to an underlying STO feeder (Fig.  1A ). Growth and maintenance of self-renewing SSCs is supported in a chemically defined serumfree media with the addition of only three factors, GDNF, Gfrα1, and basic Fibroblast Growth Factor (bFGF; 5). The stem cell potential and enrichment of these cultures was confirmed by functional transplantation in which the cells generated colonies of donor-derived spermatogenesis in recipient testes (Fig. 1B) . GDNF up-regulation of Bcl6b, Erm, and Lhx1 transcript expression, identified in our previous studies, was reconfirmed in these cultures. Also, the specificity of gene expression responses to GDNF was evaluated in these cultures by measuring expression of Plzf and Pou5f1 (Oct4), which are SSC expressed but not GDNF-regulated genes. Expression levels for Bcl6b, Erm, and Lhx1 were significantly reduced 6-fold or greater following 18 hr withdrawal of GDNF and subsequently upregulated 2-fold or greater after 4 hr GDNF replacement, whereas, Plzf and Pou5f1 expression was unaffected by GDNF treatments (see supplemental Fig. 1 ). The expression of Bcl6b, Erm, and Lhx1 proteins were also identified by both immunoflouresence and western blotting in these self-renewing SSC cultures (Fig. 1C,D) .
To further characterize Bcl6b, Erm, and Lhx1 in SSCs we examined their expression in postnatal spermatogenesis. Transcript levels for all three molecules were measured using qRT-PCR at specific ages of development (see supplemental Fig. 2A ). Expression for all three molecules was elevated at 0 and 6-8 dpp, developmental stages at which undifferentiated spermatogonia and SSCs are most abundant. A dramatic reduction in expression then occurred as spermatogenesis progressed and more differentiating germ cells appeared at 10-12 dpp. In adult (3 mo) testis, expression levels of all three transcripts then increased. Both Bcl6b and Lhx1 levels were only elevated compared to the 10-12 dpp stage, but Erm expression was dramatically higher in adult testes even compared to 6-8 dpp, which likely reflects its expression in differentiated Sertoli cells (20) . As expected, transcript levels were significantly higher in freshly isolated Thy1+ germ cells from 6-8 dpp testes compared to whole tissue for all three molecules. These data demonstrate a developmental profile suggestive of Bcl6b, Erm, and Lhx1 expression in SSCs and undifferentiated spermatogonia.
Cross-sectional immunohistochemistry was then used to localize Bcl6b, Erm, and Lhx1 protein expression to specific cell types within pup and adult testes. Mouse pup testes at 8 dpp were primarily examined because they contain a full complement of undifferentiated and differentiating spermatogonia populations (21) . In the 8 dpp testes expression of all three molecules was detected in undifferentiated spermatogonia and possibly differentiating spermatogonia since these two types of spermatogonia are not easily distinguished (Fig. 1E ). Bcl6b and Lhx1 expression was detected in individual spermatogonia and Erm expression was localized to multiple types of spermatogonia lining the basement membrane of pup testes. Nuclear expression of Erm was also detected in Sertoli cells of pup testes. Expression of all 3 molecules was also examined in cross-sections of adult testes. Similar to pup testes both Bcl6b and Lhx1 were localized to individual spermatogonia, and only a few tubules could be found that contained positive germ cells (see supplemental Fig. 2B) . Surprisingly, Bcl6b and Lhx1 also appeared to be expressed in stage 7 round spermatids in adult testes. Erm expression was observed in all spermatogonia lining the basement membrane of adult seminiferous tubules, similar to its expression in pup testes. These data reveal expression of Bcl6b and Lhx1 at two stages of spermatogenesis and demonstrate the expression of all three molecules in the undifferentiated spermatogonia as would be expected if they are expressed in the SSC population in vivo.
Bcl6b, Erm, and Lhx1 are Essential for SSC
Maintenance In Vitro-The regulation of Bcl6b, Erm, and Lhx1 transcript expression by GDNF suggests that these molecules are important for SSC self-renewal and survival. However, loss-of-function combined with functional transplantation analysis is the only unequivocal means to examine their actual biological importance. We have previously shown that transient reduction of Bcl6b expression with siRNA impairs SSC maintenance in vitro (9) . Using a similar approach we examined the effects of reducing Erm and Lhx1 expression with siRNA treatment on SSC maintenance in vitro. Also, Bcl6b was examined as a positive control. Transient transfection of cultured Rosa donor SSCs with synthetic siRNA targeted against Bcl6b, Erm, or Lhx1 significantly (P<0.01) reduced transcript levels by 87.2+0.1% (mean+SEM, n=3), 62.5%+0.6% (n=3), and 52.5+0.4% (n=3), respectively, compared to cells transfected with scrambled negative control siRNA ( Fig. 2A) . Off-target effects of each specific siRNA were assessed by BLAST analysis and determination of transcript levels for the other non-targeted GDNF-regulated genes (i.e. Bcl6b, Erm, Lhx1) and the SSC expressed non GDNFregulated genes Plzf and Pou5f1. BLAST analysis for each siRNA revealed no significant homology to any known mammalian gene other than the targeted gene-of-interest. Gene expression analysis using qRT-PCR revealed specific knock-down of each targeted gene without reducing the expression level of the other GDNF-regulated genes or non regulated Plzf and Pou5f1 (see supplemental data Fig. 3 ). For example, Bcl6b siRNA treatment specifically reduced Bcl6b transcript levels without reducing the levels of Erm, Lhx1, Plzf, or Pou5f1. These data provide confidence that the siRNA treatments specifically reduced targeted genes without significant offtarget effects that could contribute to observed biological responses. The functional transplantation assay was then used to unequivocally determine the effects of reducing Bcl6b, Erm, and Lhx1 transcripts on SSC maintenance in vitro. Clump-forming germ cells established from Rosa donors, which express the LacZ marker transgene, were transfected with Bcl6b, Erm, Lhx1 or scrambled negative control siRNA and maintained in vitro for 7 days before transplantation into recipient testes. The doubling time for SSCs in vitro is approximately 6 days (5); therefore, we were able to assay treatment effects after an entire self-renewal period. Germ cell clump formation after 7 days was clearly affected in Bcl6b, Erm, and Lhx1 treated cultures, which formed small cell clumps, compared to the large robust clumps that formed in control siRNA cultures (Fig. 2B) . To determine direct effects on SSC maintenance in vitro the functional transplantation assay was then utilized (Fig. 2C) . Evaluation of recipient testes for colonies of donor-derived spermatogenesis, which is a direct measure of SSC number in the injected cell population (17) GDNF Activates Akt Signaling in Cultured Selfrenewing SSCs-The intracellular signaling mechanisms utilized by GDNF to drive selfrenewal in SSCs are unknown. The cell surface receptor signaling complex for GDNF consists of c-Ret tyrosine kinase receptor and the co-receptor Gfrα1 (6) . Previous studies have shown that c-Ret is important for establishment of postnatal spermatogenesis (22) and both the long and short c-Ret isoforms are expressed by long-term cultured self-renewing SSCs (see supplemental data Fig. 4) .
The intracellular signaling mechanisms, stimulated by GDNF down-stream of c-Ret, which regulate expression of specific genes (e.g. Bcl6b, Erm, and Lhx1) and activation of proliferation and survival molecules, which ultimately lead to selfrenewal are unknown in SSCs. In other cell types the Akt signaling cascade is often stimulated by GDNF (6) . Akt itself does not interact with transmembrane receptors and is often stimulated via PI3K. Therefore, we examined whether GDNF would also stimulate this signaling mechanism in self-renewing SSC populations. Overnight (18 hr) GDNF removal from culture media followed by 20 min replacement resulted in a significant (P=0.005) increase in Ser476 phosphorylated Akt levels within cultured self-renewing SSCs, and this activation could be blocked by pre-incubation of the cells with 10 μM LY294002, a Pi3k specific chemical inhibitor (Fig. 3) . These data clearly show that stimulation of the Akt signaling cascade is one of the intracellular mechanisms utilized by GDNF in self-renewing SSCs and this response is mediated through Pi3k.
Akt Function is Essential for SSC Survival In Vitro-
The above experiments demonstrating GDNF activation of Akt signaling strongly suggested that this intracellular pathway would be involved in SSC self-renewal and survival. To examine this hypothesis we used the functional transplantation assay to determine the effects of inhibiting Akt function on SSC maintenance in vitro. Cultures of self-renewing SSCs were visibly affected when Akt function was impaired with a chemical inhibitor (Akt Inhibitor IV, Calbiochem) (Fig. 4A) . Germ cell clumps did not form in cultures maintained with a relatively low concentration of 20 nM Akt inhibitor IV and only single cells were present after 7 days. In contrast, control cultures maintained with the addition of DMSO to the media formed large robust clumps of germ cells. These observations indicated that SSC survival was dramatically impaired when Akt signaling was inhibited. Further analysis revealed a significant increase (P=0.001) in the percentage of apoptotic cells within Akt inhibitor cultures (31.5+0.5%, n=3) compared to controls (21.2+0.9%, n=3) 24 hr after addition of 20 nM Akt inhibitor or DMSO solvent (Fig. 4B) , respectively. To examine directly the effects of Akt inhibition on SSC survival in vitro we next utilized the functional transplantation assay. Germ cell cultures were maintained for 7 days, one SSC self-renewal cycle, in the presence of 20 nM Akt inhibitor or DMSO (control) and subsequently transplanted into recipient testes to determine SSC number (Fig. 4C) (9) . Addition of 20 nM Akt inhibitor along with GDNF was able to completely block the GDNF up-regulation of all three transcripts (Fig.  4D ) suggesting that this signaling pathway is involved in GDNF-regulated gene transcription and thus specific for SSC self-renewal. However, the expression of both Plzf and Pou5f1, two genes expressed by SSCs but not GDNF regulated, were also significantly (P=0.05) reduced when Akt was inhibited (Fig. 4D) . Together these data demonstrate that GDNF induction of Akt signaling plays a general, yet critical role to promote SSC survival but not specifically self-renewal.
SFK Signaling is Essential for GDNF-Regulation of SSC Self-Renewal
In Vitro-In neurons, c-Ret has been shown to interact with SFK's at the plasma membrane (23) and influence Akt activation (24), thus we reasoned that the same mechanisms could also function in SSCs to promote self-renewal and survival. Similar to PI3K inhibition, pre-incubation of cells with the selective SFK chemical inhibitor SU6656 (100 nM) blocked GDNF stimulated increase in phosphorylated Ser476 Akt levels (Fig. 3) . First, we examined whether GDNF directly activates SFK signaling in cultured SSCs. Addition of GDNF for 20 min after an overnight withdrawal significantly (P=0.01) increased phosphorylated SFK levels within cultured SSCs (Fig. 5A,B) , further strengthening the hypothesis that SFK signaling is involved in GDNF regulation of SSC self-renewal. Next we examined whether inhibiting SFK function would affect SSC maintenance in vitro. Germ cell clump formation was dramatically impaired when cultures were maintained with the addition of 100 nM SU6656 (Fig. 5C) . In contrast to Akt inhibition which resulted in cultures of single cells after 7 days, SFK inhibition resulted in the formation of small germ cell clumps, whereas large robust clumps of cells were generated in control cultures. These morphological observations closely resembled the appearance of the small clump formation when Bcl6b, Erm, or Lhx1 expression was reduced by siRNA treatment (Fig. 2B) indicating that SFK signaling may be directly involved in GDNFregulation of SSC self-renewal. Furthermore, the percentage of apoptotic cells in SSC cultures was not significantly (P=0.1) increased 24 or 72 hr after addition of 100 nM SU6656 to culture media (Fig. 5D) , in contrast to the effects seen 24 hr after Akt inhibitor addition in previous experiments (Fig. 4B) . As expected from observed impaired clump formation, total cell numbers were significantly (P=0.012) reduced 7 days after SU6656 compared to controls ( Figure 5E ). Transplantation analyses were subsequently conducted to directly determine the effects of SFK inhibition on SSC maintenance after one selfrenewal cycle of 7 days (Fig. 5F ), and revealed a significant (P=0.001) decrease in colony numbers within recipient testes transplanted with SU6656 (100 nM) treated cultures (7.5+3.8 colonies/10 5 cells cultured, n=2 replications, 16 recipient testes) compared to control DMSO treated cultures (38.9+3.5 colonies/10 5 cells cultured, n=2 replications, 16 recipient testes). There were ~81% (7.5/38.9) fewer SSCs when SFK function was impaired compared to normal control cultures after a single self-renewal cycle, strongly suggesting that SFK signaling is essential for SSC selfrenewal in vitro. Based on morphological examination, addition of 100 nM SU6656 to culture media did not appear to affect STO feeders.
To assess further whether SFK signaling is involved directly in GDNF influence on SSC selfrenewal we examined whether chemical inhibition could specifically block GDNF-regulated gene expression. Similar to Akt inhibition, SFK inhibition also completely blocked an increase in Bcl6b, Erm, and Lhx1 gene expression generated by 4 hr GDNF stimulation following overnight withdrawal (Fig. 6) . However, SFK inhibition did not effect expression of the SSC expressed non GDNF-regulated genes Plzf and Pou5f1, whereas Akt inhibition did have a significant impact on expression of these two genes. These data strongly suggest that SFK signaling is one intracellular mechanism directly involved in GDNF-regulated SSC self-renewal. Collectively, the data demonstrate a dynamic role for SFK signaling in GDNF influence on SSC self-renewal, first by activating Akt to prevent apoptosis and second by regulating the expression of specific genes essential for SSC self-renewal.
There are eight reported SFK members in mammals, c-Src, Yes, Fyn, Lyn, Hck, Lck, Fgr, and Blk (25) . All of these share very similar roles and have the capability of compensating for one another in cell signaling processes. However, not all members are expressed in the same cell types; for example, Blk expression is restricted to the hematopoietic lineage (25) . We examined which of the different SFKs are expressed in selfrenewing SSCs using RT-PCR (see supplemental data Fig. 5 ). In cultured clump-forming SSCs the expression of c-Src, Yes, Fyn, Lyn, and Hck were clearly detectable, while expression of Lck, Fgr, and Blk could not be detected. Expression of 7 out of 8 isoforms was detected in cultured embryonic stem (ES) cells (AB1 cells, gift from Alan Bradley), serving as a positive control and only Blk could not be clearly detected. Thus, at least 5 SFKs are present in GDNF stimulated selfrenewing SSCs in vitro. The functional importance of each specific isoform is unclear at this time and must be determined by future experimentation.
DISCUSSION
The ability to study SSC biology has dramatically increased since development of the functional transplantation system (3,4). However, the intrinsic molecular mechanisms that control SSC self-renewal and differentiation fate decisions are largely unknown. We recently developed a culture system that maintains a self-renewing SSC population for extended periods of time making it possible to examine these molecular mechanisms. This system has considerable strength because the medium is chemically defined and serum-free allowing precise molecular and biochemical experimentation of growth factor effects on SSCs. Importantly, results of experimental modifications in culture conditions regarding SSC function can be evaluated using the functional transplantation assay. It is critically important to validate treatment effects on cultured cells by transplantation to recipient testes in order to unequivocally demonstrate effects on SSCs.
Through both in vitro and in vivo experimentation it has been determined that GDNF is the essential growth factor controlling SSC self-renewal. Our approach to understand the intrinsic molecular mechanisms regulating this process has been to examine the intracellular pathways activated or suppressed by GDNF. Recently, we identified GDNF-regulated genes in functionally proven self-renewing SSC populations maintained in a serum-free environment (9) . From these studies we were able to identify up-regulation of the transcription factors Bcl6b, Erm, and Lhx1, and Bcl6b was further shown to have a biological importance in SSC maintenance in vitro and in vivo. In the current study, we examined the biological importance of Erm and Lhx1 gene expression in SSC self-renewal in vitro and further characterized the expression of all three transcription factors. As expected, the protein for Bcl6b, Erm, and Lhx1 was detected in cultured self-renewing SSCs using two different methods. In vivo, the expression of all three molecules was seen in undifferentiated and perhaps differentiating spermatogonia in the case of Erm. In 8 dpp mouse pup testes, both Bcl6b and Lhx1 were detected in individual spermatogonia along the basement membrane, strongly suggesting expression in undifferentiated spermatogonia. Erm expression was observed in most spermatogonia, suggesting expression in undifferentiated and differentiating spermatogonia, as well as Sertoli cells. In adult testes, Bcl6b and Lhx1 expression was again localized to individual spermatogonia and Erm expression was observed in most spermatogonia lining the basement membrane. The detection of Erm expression in cultured SSCs and spermatogonia in vivo contrasts to reports of exclusive Erm expression in Sertoli cells within adult mouse testes (20) . The data in this study demonstrating expression of Erm by cultured SSCs and spermatogonia in vivo, and the importance of Erm gene expression in SSC maintenance in vitro strongly suggests that the dramatic infertility experienced by Erm null male mice is at least in part due to impaired function of spermatogonia and not solely Sertoli cell malfunction. Bcl6b null male mice also exhibit impaired spermatogenesis (9) . Thus, two of the three GDNF-regulated genes in cultured selfrenewing SSCs that we have focused on have a demonstrated biological significance in vivo. Unfortunately, Lhx1 null mice die before or shortly after birth (26) , thus effects of Lhx1 lossof-function on male fertility are not easily assessed. However, based on the in vitro data from this study demonstrating an importance for Lhx1 in SSC maintenance and the spermatogenic defects seen from Bcl6b and Erm loss-of-function it is reasonable to assume that Lhx1 also has an important role in normal mouse spermatogenesis in vivo. Surprisingly, both Bcl6b and Lhx1 expression appeared to be present in step 7 round spermatids within adult mouse testes. The functional importance of this is unclear at the present time. Overall, the data derived in this study from combining functional transplantation experiments with gene expression analysis demonstrates that regulation of Bcl6b, Erm, and Lhx1 expression is an important mechanism stimulated by GDNF to regulate SSC self-renewal.
In order to understand more completely the regulation of SSC self-renewal by GDNF, the intracellular signaling pathways that elicit intrinsic responses, such as changes in gene expression, must be determined. The Akt signaling pathway is one of the most prominent intracellular mechanisms stimulated by GDNF to prevent apoptosis and induce proliferation of neuronal progenitor cells (6) . In this study we determined that GDNF also activates Akt signaling in cultured self-renewing SSCs. Using GDNF-regulation of Bcl6b, Lhx1, and Erm gene expression as an endpoint we were able to determine that Akt is not specifically involved in SSC self-renewal. While GDNF up-regulation of these genes was blocked, expression of the non GDNF-regulated genes Plzf and Pou5f1 were also significantly reduced when Akt function was impaired. Thus, Akt signaling is not specific for SSC self-renewal and has a general, but essential role promoting their survival in vitro.
In neuronal cells, complete GDNF biological activity requires SFK signaling (23) . Also, SFK signaling has been shown to be essential for ESC self-renewal (15) . Therefore, we hypothesized that SFK signaling may also be essential for GDNF-regulation of SSC selfrenewal and survival. The data from this study demonstrates that SFK signaling utilizes at least two important pathways to serve as a major intracellular mechanism for SSC self-renewal and survival (Fig. 7) . First, SFK signaling is involved in activating Akt to promote SSC survival. However, a significant increase in apoptosis was not observed when SFK signaling was impaired with a chemical inhibitor. Thus, this mechanism is likely secondary to the main SSC survival pathway which is Pi3k activation of Akt. Second, SFK signaling is directly involved in SSC selfrenewal by specifically regulating expression of self-renewal genes (e.g. Bcl6b, Erm, and Lhx1) upon GDNF stimulation. The down-stream effectors of SFK signaling, which ultimately influence specific changes in gene expression, must be determined by future experiments to continue to develop our understanding of intracellular signaling mechanism induced by GDNF in SSCs.
Recently, GDNF has been connected to SFK signaling in mouse pup germ cells (27) . In that study, SFKs were shown to be important for maintenance of Gfrα1+ testis cells in vitro, via activation of Akt signaling. These results are difficult to interpret in terms of SSCs, since no functional studies were performed (i.e. transplantation analysis). Since Gfrα1 is expressed by all undifferentiated spermatogonia, examination of testis cells based on Gfrα1 expression does not distinguish between SSCs and their differentiating daughter cells, which are much more abundant in both the neonatal and adult testis. Without functional transplantation experiments it is impossible to separate treatment effects on SSCs and those on the more abundant non SSC undifferentiated spermatogonia. Both the Braydich-Stolle et al. (27) study and our results agree that GDNF activates Akt signaling via both Pi3k and SFKs in undifferentiated spermatogonia. However, our functional transplantation experiments demonstrate a distinct role of GDNFinduced SFK signaling in SSCs. One effect is general in nature and supports SSC survival via Akt activation. The second effect is more specific and is by an undefined pathway involved in regulating the expression of specific genes (e.g. Bcl6b, Erm, and Lhx1) important for SSC selfrenewal in vitro (Fig. 7) .
Another recent study suggests that over expression of an activated form of Akt results in GDNF independent SSC self-renewal in vitro (28) . However, without comparing the stem cell potential in a modified culture adapted cell population to that of wild-type cells by functional transplantation it is difficult to make a distinction between non-GDNF supported SSC self-renewal and general proliferation or survival, since wild type SSCs can survive in vitro for extended periods without addition of GDNF as well (29) . Also, the increase in expression of differentiation markers in Akt over-expressing cells (28) suggests that Akt alone is not sufficient for maintaining SSC self-renewal and other signaling pathways must be involved.
While the above two studies suggest that SFK or Akt signaling are involved in SSC selfrenewal, important differences in the function of the two pathways cannot be distinguished due to absence of quantitative transplantation data. In the current study the data clearly indicate the function of the Akt pathway is primarily in SSC survival, whereas SFK signaling has a specific involvement in regulating the genes involved in and necessary for SSC self-renewal.
The self-renewal, survival and differentiation of SSCs are the foundation for continual sperm production in males. Defining the intracellular mechanisms that control these abilities is essential for understanding spermatogenesis as well as treating infertility due to defects in SSC function. Also, understanding mechanisms that govern SSC self-renewal increases our knowledge of general adult stem cell biology, which may provide critical insights into the self-renewal mechanisms of other stem cell populations. Results from this study establish an important intracellular signaling pathway for SSC self-renewal and survival. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Chemical Signaling Inhibitors and Antibodies
All chemical inhibitors were purchased from commercial vendors, Akt Inhibitor IV, and SFK inhibitor (SU6656) were purchased from Calbiochem (San Diego, CA), and PI3K inhibitor (LY294002) was purchased from Cell Signaling Technologies (Danvers, MA). Polyclonal rabbit anti Bcl6b antibody was a generous gift from D. Fearon (Welcome Trust Institute, UK), polyclonal goat anti Erm antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and polyclonal mouse anti Lim1/2 (Lhx1) antibody was a generous gift from R. Behringer (MD Cancer Center, University of Texas). Antibodies for immunoblot experiments were rabbit anti Ser476 phospho-Akt, rabbit anti Tyr416 Phospho-Src Family, rabbit anti Src, and rabbit anti Akt, all from Cell Signaling Technology. Goat anti GAPDH antibody was purchased from Santa Cruz Biotechnology.
Quantitative Real-Time PCR
In all experiments RNA was isolated using the Trizol method (Invitrogen). The quality of each RNA sample was determined based on spectrophotometry and denaturing agarose gel electrophoresis. Only intact samples with a 260/280 ratio of 1.8 or higher were used. All RNA samples were subsequently DNase-treated (DNA-free kit, Ambion Inc.) to remove possible contaminating genomic DNA. One microgram of RNA was reverse transcribed using oligo(d)T priming and SuperScript II reverse transcriptase (Invtirogen). The expression levels of specific genes were measured using SYBR green assays and ABI 7300 sequence detection system (Applied Biosystems Inc.; Foster City, CA). Melt curve analyses were conducted to ensure specificity of the amplicon. Primer sequences for all genes analyzed were designed using Primer Express 3.0 software (Applied Biosystems Inc.) and are available as supporting online material (supplemental Table 1 
Bcl6b, Erm, and Lhx1 Immunohistochemistry and Immunofluorescence
In order to examine Bcl6b, Erm, and Lhx1 in normal spermatogenesis, testis cross-sections were created from formalin fixed 8 dpp and adult (3 mo) mouse testes. Following dewaxing and rehydration, samples were boiled in sodium citrate buffer for 20 min followed by blocking in 10% normal donkey serum. Samples were incubated for 2 hr at room temperature with anti Bcl6b polyclonal (1:100), anti Erm polyclonal (1:100), or anti Lim1/2 polyclonal (1:100) primary antibody. Samples were washed in PBS and incubated for 1 hr with HRP-labeled secondary antibody at room temperature. Sections were then washed and developed with an AEC red substrate kit (Invtirogen). Staining was evaluated using light microscopy and digital images were captured. To examine Bcl6b, Erm, and Lhx1 expression in vitro, paraformaldehyde fixed cultures of clump-forming germ cells were used. Non-specific binding was blocked by incubation with 10% normal donkey serum and cells were incubated with primary antibodies overnight at 4 o C at concentrations listed above. Cells were then washed in PBS and incubated with Alexa-488 conjugated secondary antibody (1:1000, Invitrogen) for 1 hr at RT, followed by extensive washing in PBS. Staining of the clump-forming germ cells was subsequently evaluated using fluorescent microscopy and digital images were captured.
Immunoblotting
For immunoblotting experiments, clump-forming germ cells were lysed in SDS sample buffer (60 mM Tris, 2% SDS, 100 mM DTT), sonicated for 15 s, and boiled for 5 min Protein concentrations were determined with a commercial kit (BSA Protein Assay, Biorad, Hercules, CA). Fifty μg of total protein
